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TESTS OF REINFORCED CONCRETE BEAMS
j
RESISTANCE TO WEB STRESSES
I. INTRODUCTION
1. Purpose of Tests . - For a number of years tests have been
made at the Engineering Experiment Station of the University of
Illinois under the direction of Professor A. N* Talbot, to study
the nature of web stresses in reinforced concrete beams. This
matter received some attention in the tests reported in Bulletin
No. 4, and later was made the main subject for investigation in
several series of tests. The results of these tests in successive
years have been reported in Engineering Experiment Station bulle-
tins and in theses.
In the earlier tests conclusions as to web stresses were
based upon the calculated vertical shearing stress at. the maximum
load carried. Since then methods have been devised for measuring di-
rectly the deformation occurring in the web reinforcement, from
which the stress can be calculated.
It is the purpose of this thesis, (a) to determine the
amount and distribution of stresses in web reinforcement and in
longitudinal reinforcement, (b) to record accurately the results
of the tests made and the data obtained from the test pieces, and
(c) to draw conclusions as to the intensity and position of the
maximum web stresses and as to the effectiveness of various
methods and amounts of web reinforcement.
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II. THEORY AND AVAILABLE DATA
2.. Theory . - When a reinforced concrete beam is acting under a
load, four kinds of stresses are set up and the beam may fail by
one, or by any combination of these. These stresses are (1) ten-
sion in the steel, (8) compression in the concrete, (3) bond be-
tv;een the steel and the concrete, and (4) diagonal tension. The
object of web reinforcement is to take up this latter stress, and
if the theory is correct, it follows that a beam properly supplied
with web reinforcement will not fail by diagonal tension before
reaching its ultimate strength as determined by one or more of the
other named stresses. It is hoped that the results of these tests
will show whether or not the methods in use at the present time
for the design of web reinforcement are satisfactory.
The derivations o^ the formulas for web stresses are so
easily at hand that they will not be given here. Only the general
formulas and those relating to web stresses in particular will be
stated, and Bulletin No. P9 is referred to for their derivation.
The same notation as is used in that bulletin and in several other
standard publications will be used to designate the quantities.
Resisting Moment.- Neglecting the tension in the concrete, the
resisting moment, as based upon the tensile stress in the longi-
tudinal steel is
M a Afd f = Af jd = fpjbd2 .

(3)
Bond and Shearing Stresses.- The bond stress in longitudinal
reinforcing is given by the formula
V
u = —Tf
mod
and if this is taken for a unit length of beam and considered to
be distributed over a horizontal section just above the plane of
the longitudinal steel as horizontal shear, it may be seen that
V
umo = vb = —
from which results the following relation:
in which v is unit horizontal or vertical shear.
Diagonal Tension.- Diagonal tension is considered as a combina-
tion of the shear and the tension in the concrete and is given by
the formula
The line of maximum tension makes an angle with the horizontal
eaual to one-half the angle whose cotangent is _JL. If the hor-
2v
izontal tension in the concrete be taken as zero, the formula
for diagonal tension reduces to
t = v
and the angle that the line of maximum diagonal tension makes with
the horizontal becomes 45 degrees.
Stress in Web Reinforcement.- It is generally assumed that until
the concrete web has failed and diagonal tension cracks have
formed, little stress is thrown into the web reinforcement. As
soon as the concrete web has failed, it is assumed also that all
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the shear and diagonal tension at the section must be carried ty
the web reinforcement
.
Based on these assumptions , the following formula is
given in Bulletin No. 99 of the University of Illinois Engineering
Experiment Station, for stress in vertical stirrups:
p = Va
d 1
For stress in stirrups or bent up longitudinal reinforcing bars
inclined at an angle of 45 degrees with the horizontal, the form-
ula given is
P - 0.707
d
'
Whether or not these formulas give results agreeing with the ex-
perimental results will be discussed later on.
-* Availabl e Data .
-
For a more complete discussion on web stress-
es in reinforced concrete beams, Bulletins No. 4 and No. 29 of
the University of Illinois Engineering Experiment Station are
referred to. Following the publication of Bulletin No. 29, fur-
ther investigation along this line has been carried on as thesis
work by students of the University of Illinois. Ferhaps the most
noteworthy of these is the thesis of Mitchell (1910), who made
his investigations along new lines and was very successful with
them. The following year (1911) Brooks and Haeffner resumed the
work where MitcheHhad left off. Although their work and methods
were not entirely adequate, yet their thesis is important in that
it showed where the fallacies of the old method lay, and in their
suggestions for improvements.
Text books which treat upon the subject of web stresses
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in reinforced concrete beams are "Principles of Reinforced Con-
crete Construction" by Turneaure and I«aurer, and "Concrete Plain
and Reinforced" by Taylor and Thompson.
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MATERIALS, TEST PIECES AND METHODS OF TESTING
4. Materials .
-
The materials used in the test pieces were of
the grade used in ordinary practice, so that the quality of the
concrete may be considered to be representative of that to be
expected in construction work. All the materials except the
ateel were of the 3an:e lots as those from which the 1911-12 test
pieces were made.
The Sand.- The sand used was Wabash River sand, which was bought
upon the market. The following table gives a mechanical
analysis of the sand:
TABLE I
MECHANICAL ANALYSIS OF SAND
Sieve No. Per cent Passing
3 100
5 90.9
10 69.1
1? 63.8
16 58.3
18 48 .
4
30 31.1
40 19.5
50 6.5
74 2.9
150 0.9
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The Stone.- The atone used in those tests was the same as that
used in the 1911-12 tests. The analysis riven in Table II repre-
sents average results obtained from five samples taken at inter-
vals during the season of 1911-12.
TABLE II
MECHANICAL ANALYSIS OF STONE
Sieve No. Per cent Passing
3/4 95.5
1/2 66.7
3/8 46.3
3 25.9
5 8.1
10 3.4
The Cement.- The cement used in making the beams was Universal
Portland Cement, and was of the same lot used in making the test-
pieces of the 1911-12 tests. Table III gives the average of fif-
teen tests made in the cement laboratory of the University of
Illinois on samples of this cement taken at intervals during the
season of 1912-13.
TABLE III
TENSILE STRENGTH OF CEMENT
Age When Tested 7-Day Dest 28-Day Test
Mixture Neat. 1:3 Neat. 1:3
Tensile Strength
lb. per sq. in. 595 207 740 301
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The Steol.- kedium ateel was used in all the beams. All the
longitudinal reinforcing was made of 3/4- in. round bars looped
at the ends. Where stirrups were used, they were made of 3/8-
in. plain round bars. Twenty tests of each size of bar gave an
average of 36,350 lb. per sq. in. for the 3/4-in. and 41,490 lb.
per sq. in. for the 3/8-in. steel at the yield point.
The Concrete.- The concrete was a 1:2:4 mixture by loose vol-
ume, and the proportions by weight were also determined. The
concrete was mixed in a batch mixer, each beam requiring two
batches
.
!L' Test Pieces . - Sixteen beams were made, and although in the
time available it was possible to test only five of them for
this thesis, the data of the entire series of test-pieces are
included as a matter of record. This information is given in
Fig. 1 to 5. The beams were all of the same size, being 8 in.
wide, 17 in. deep (15 in. to the center of the steel) and 10 ft.
6 in. long. In the 5 beams tested, three different methods of
reinforcement were used. All the beams had four 3/4-in. round
longitudinal reinforcing bars. In beams 302.1 and 302.2 two
of these bars extended the whole length of the beam and were
looped at the end, the other two being bent up to serve as web
reinforcement. In beams 305.1 and 305.2 all the longitudinal
bars extended the full length, were looped at the ends, and had
3/8 in.- round stirrups inclined at an angle of 45 degrees and
rigidly attached to the longitudinal reinforcement by means of
oxy-acetylene welds (See Fig. 2 ). Beam 308.1 was the same as
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beam 305.1 and 305. 9, except that the stirrups were vertical.
The beams were made in "knock-down" forms and those
were not taken off for about seven days. The beams were then
allowed to stand, on the floor until tested. Table IV gives their
exact age at the time of testing.
From the concrete put into each beam a control beam
and three cubes were made. At the time of writing, the control
beams had not been tested. The results of the cube tests are
shown in Table IV.
6_. Methods of Testing . - For measurements of deformation, an
extensometer of the Berry type (Fig. 6) was used. For a fuller
discussion of the use of this type of instrument than can be
given here, see Bulletin No. 64 of the University of Illinois En-
gineering Experiment Station on "Tests of Reinforced Concrete
Buildings underLoad", and a paper written for the 1913 meeting
of the American Society for Testing Materials on "The Use of the
Strain Gage in the Testing of Materials", by Willis A . Slater and
Herbert F. Moore.
In the manipulation of this instrument the pointed ends
of the lever arms were inserted into the holes and an even pres-
sure applied. The dial was then read. This was done four times
for each gage length, the observer averaging the readings mentally. This
average was then called out to the recorder, who recorded it on
a data sheet under the corresponding gage line number. A sample
of this data sheet is shown in Fig. 8 . The calculation of cor-
rections and the reduction of the data was made by the standard
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methods used at the University of Illinois Engineering Experiment
Station as described in Bulletin No. 64 previously referred to.
In order to avoid mutilation of the beam by a large
amount of cutting of the concrete with a cold chisel and to save
time in exposing the steel, corks were attached to the forms be-
fore pouring the concrete, in such a position ag to core holes
through the enclosing concrete where measurements of steel defor-
mation were desired. These corks were from 1 in. to 1 1/2 in.
long, and from 3/4 in. to 1 in. in diameter at the small end.
Each cork, with the larger end out, was nailed to the form in
such a position that the small end came in contact with the
steel where a gage hole was to be drilled. The steel was fasten-
ed to the forms by wires, in order to maintain the correct posi-
tion with reference to the corks, and the concrete was tamped around
the bars. When the forms were taken off, the corks were pulled
and the reinforcing bars were exposed to allow the holes to be
drilled. The corks, however, that were used were a little too
small to admit the extensometer leg to the proper depth, and
some chipping of the concrete had to be done.
Having exposed the steel, a 4-in gage marker was used
to lay off 4-in. intervals upon the reinforcing bars. Great care
had to be exercised to get the distances equal so that the gage
length would be within the range of the instrument, and also to
make the mark exactly on the center of the bars, so that con-
sistent observations could be obtained.
An electric drill was used to drill the holes. Specially
designed No. 54 center drills were used and the holes were drilled
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about 3/3? in. deep. These were then smoothed with a finishing
tool to take off the burr which would interfere with the accuracy
of the readings. Some skill is renuired to drill the holes, ae
t
s
the range of the instrument does not allow a variation between
centers of more than about .04 in. Also, if the holes are not
drilled perpendicular to the axis of the reinforcing bar and
exactly radially the observations are likely to be very incon-
si stent
.
All the testing was done in an Olsen machine of
200,000 lb. capacity. A photorraph of the manner of setting up
the beam in the machine is shown in Fig. 7. The beam was put
into the machine with its bottom up in order to make' it possible
to obtain readings on the longitudinal reinforcement. The load
was applied at the one-third points. Two rollers, one round and
the other flattened on one side, were laid on the machine base.
A plate, to distribute the bearing on the concrete, was laid on
each roller and the beam rested on these with a piece of rubber
hose between the beam and the plate. Cast-iron pedestals em-
bedded in plaster of paris usually carried the reations from the
test piece to the large I-beam above. For the beam shown in Fig.
7 wooden blocks were used instead of the cast-iron pedestals.
It was necessary to build up quite high at the reactions in order
to secure sufficient room between the beam and the machine head
to obtain the readings on the longitudinal bars. The method of
attachment between the machine head and the large I-beam is
shown in Fig. 7.
Before applying any load to the beam, two series of
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zero readings were taken, the second one serving as a check upon
the first, for it is important that there be no errors in the
zero readings; otherwise all succeeding readings for that gage
line will be correspondingly in error. After the zero readings
had been taken increments of eight thousand pounds load were put
on the beam by lowering the head of the machine upon the I-beam
which in turn transferred the load to the end reactions. After
each load was applied the beams were examined for cracks and
signs of slipping of the bars.

IV. DISCUSSION
7. Note s on Testa , - In all the types of beams, the maximum
load carried and the manner of failures were consistent. For
instance, beams 302.1 and 302.2 both failed by bond, while the
others all failed by tension in the longitudinal reinforcement.
In beams 305.1 and 305.2 the failure of tbo longitudinal rein-
forcement occurred in similar positions, and the ultimate
loads were almost the same for both, showing that the beams
were alike in strength, so that any comparisons that will be
made between the stress in the reinforcing of the two beams
should be justified, provided the extensometor readings are
without serious errors, and the appearance of the graphs indi-
cates this to be true.
Beam No. 308.1 showed no oi.p:ns of failure until the ulti-
mate load was reached, when it failed suddenly. NG diago-
nal tension cracks appeared until 32000 pounds load was reached
and even then the cracks we^e very small ones, '^be load at
failure was 44000 pounds, and its cause was tension in the
longitudinal reinforcement.
§• Table and .Figures.- Table IV was compiled in order to
more easily compare the calculated with the measured stress.
The calculations were made by the formulas given under "Theory".
The table gives the kind of web reinforcement used, also the
calculated and the measured unit stresses in the web reinforce-
ment. In another column is given the stress in the longitudi-
nal reinforcement for various loads. The manner of failure
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and the requite of cube teats are also riven.
Three series of curves were plotted. The first
serieB shows the relation between the applied load and the
unit stress in the steel for each page line, both in the longi-
tudinal and in the web reinforcement . The points, with applied
loads as ordinates and unit stresses as abscissas, were plot-
ted and were connected by straight lines. If any one point
seemed to be in error, a broken line was drawn from the pre-
vious point to the following one, and the point in error con-
nected with the others by solid lines.
From these corrected load-stress curves, stresses
were obtained for loads of 8000, 16000, 24000 and 32000 pounds
and these stresses were plotted against distance along the
beam. In this case the stresses were taken as ordinates.
These curves show for any load the variation of stress in the
reinforcement along the length of the beam thus indicating
the position of the maximum stresses. Similar curves plotted
for the stirrups show which stirrups received the greatest
stress.
The third series of curves shows the relation be-
tween the calculated and the measured stresses in the longi-
tudinal reinforcement, B th the calculated and the measured
values were put on one graph so as to be easily compared.
These curves will be discussed in the next article.
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9. Comparison of Results.- Under this heading the following,
subjects will be discussed in the order given!
(a) Maximum loads and shearing stresses.
(b) Stresses in the stirrups.
(c) Position of maximum web stresses.
For this discussion Table IV will be referred to frequently
as it makes a comparison of results clear and easy.
Due to the fact that the beams failed through a weakness
either in bond or tensile strength a discussion of maximum
shearing stresses developed is not of much significance. The
beams were designed with sufficient steel it was thought to
enable them to carry a load of 40000 pounds or a shearing
stress of 200 pounds per square inch. For some reason the
actual longitudinal stresses were found to be higher than the
calculated stresses and three of the five beams failed in ten-
sion or bond at loads less than 40000 pounds. Apparently,
to be of the greatest value these beams should have had more
longitudinal steel, but even as it is they carried a good
sized shearing stress without any indication of failure by
diagonal tension. The shearing stress, 169 pounds per square
inch, developed in the beams with bent-up bars is large enough
to strengthen the opinion that this is an effective method
of reinforcing. . However, there is evidence independent of
these tests that the increased depth of these beams over those
usually tested may help to account for the large shearing
strength.
Although the beams with vertical stirrups carried
more load than did those with inclined stirrups it should
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be remembered that failure was by tension in the steel in both
caseB, hence comparisons of effectiveness of methods of web
reinforcement should not be based on maximum load carried.
The measurements showed larger stresses in the horizontal
steel of the beams with inclined stirrups than in that of the
beam with vertical stirrups and this would account for the
larger load carried by the latter. Again referring to Table
IV it is seen that in all the beams the stresses in the web
reinforcement increase in nearly direct proportion to the
loads. In the beams with bent-up bars the stresses were not
far from the same as in those with inclined stirrups, but in
beam 308.1 with vertical stirrups the web stresses were less
than one-half as great, being only 8000 pounds per square
inch at a load of 32000 pounds, whereas the calculated web
stress at that load is 29000 pounds per square inch. In the
beams with inclined stirrups the calculated values for the
web stresses agree closely with the measured values. This
shows a close agreement with the formula of Bulletin 29
but in the case of the beam with vertical stirrups the for-
mula gives values that are too high. At the maximum load
the measured and the calculated stresses agree very closely
in beam 305.1, not quite so closely in beam 305.2 but 7r<uch
more closely in beam 308.1 than for lower loads in the same
beam. The formula of Bulletin 29 for inclined stirrups is
not directly applicable to beams with bars bent up at a sin-
gle point, since the formula includes a term involving the
distance between stirrups. If the formula be used for the
beams in question and worked backward to determine the value

of a which should be used, it in found that to apree with the
results of these tests, a must ho taken as equal to almost
exactly twice Jd. From the results It 1s seen that the web
reinforcement In the beams with Inclined stirrups developed
the full stress that it was designed for. In beam ^08.1 hav-
ing vertical stirrups, except at the maximum load, the web
reinforcement developed only about one-half the stress it was
designed for. From this it would be expected that in beams
having sufficient longitudinal reinforcement, inclined stir-
rups would be more effective in resisting web stresses than
would vertical stirrups. Both beams with bent-up bars failed
by bond, and this was probably due to the concentration of the
web stress in only two. bars. In these beams the longitudinal
bars that extended through the beam received more stress than
did those which were bent up. It is possible that the dif-
ference in stress was due to the slipping of the bent-up bars.
Had the bent-up bars been anchored it is probable that these
two beams would have failed in tension as the others did.
The most important fact concerning the longitudinal
reinforcement brought out by the tests is that the measured
stress for loads above 16000 pounds exceeds the calculated
stress. This can be clearly seen in the graphs where both
the calculated and measured stresses are plotted against
load. This same fact also existed in some of the beams
tested by Brooks and Haeffner, although the average of all
the measured longitudinal stresses was slightly below the
theoretical for the maximum load. No reason for this is
forthcoming as the formula by which the beams were designed
has been tried and found ad^uate.

Again examining the curves of the stresses in the
•tirrups | two facts are noted. The first is that where there
were four stirrups the two inner ones received the maximum
stress and those two nearest the support and the load received
the least. In the case of six vertical stirrups, numbering
from the end toward the center, stirrups 4 and 5 received the
maximum stress, 1 and 6 the minimum and 2 and 3 an average
amount. Where a wide crack crossed a stirrup, that stirrup
showed a large stress at that point. In all coses the least
stress existed at the top of the stirrup and increased to a
maximum at the bottom of the stirrup.
10. Summary. - Owing to the small number of beams tested in
this thesis and to the fact that failure was not due to shear,
the points brought out are not conclusive as to the relative
resistance of such beams to shear. However, the following
statements are advanced.
(a) The method used in this thesis for determining
stresses in the reinforcement is very satisfactory and pave
good results.
(b) Beams with bent -up bars are likely to fail
by bond. This might be eliminated by anchoring the bent-up
bars
.
(c) Inclined stirrups take higher stresses than
vertical stirrups and probably are more effective in resist-
ing shearing stresses.
(d) The measured stress in inclined stirrups is
about the same as the calculated, and in vertical stirrups
it is about one-half the calculated stress.
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(e) The measured stream in the longitudinal bare
is greater than the calculated stress for }oads above 16000
pounds
.
(f ) The stress in stirrups depends on their location,
those midway between the support and the load taking the
greatest stress when the load is applied at the one-third
points of the span. Also the stress in a stirrup varies from
a minimum at the top to a maximum at the bottom.
(p) There is some indication that in beams with
inclined stirrups rigidly attached to the longitudinal rein-
forcement the stress in the latter is larger than is the
case where the stirrups are vertical.



